Introduction
Immune 
T cells
T cells are the cellular components of adaptive immunity in the body. Originated from hematopoietic stem cells and developing in the thymus, each T cell targets a unique antigen epitope with their specified antigen recognition receptors on their surface [1] . T cells can be grouped into various subsets based on their effector functions and molecular phenotype. Distinct T cell subsets promote different types of immune response. About 95% of T cells are αβ T cells, named after the T cell receptor (TCR) consisting of an α and a β chain [2] . The thymus is the main producer of αβ T cells. αβ T cells exit from the thymus to enter the blood circulation and home to secondary lymphoid organ/tissues such as spleen, lymph nodes, tonsils, Peyer's patches and mucosa associated lymphoid tissue (MALT) [3] . Based on the expression of surface CD4 and CD8 glycoprotein, αβ T cells can be further divided into CD4 + and CD8 + T cells.
CD4 + T cells
Also known as helper T cells, CD4 + T cells are crucial in achieving effective adaptive immune response to pathogens. Naive CD4 + T cells are activated after interaction with antigen-MHC complex 
Wnt Signaling
Wnt proteins are a family of 19 secreted glycoproteins that have crucial roles in the regulation of diverse processes, including cell proliferation, survival, migration and polarity, specification of cell fate, and self-renewal in stem cells and tumor cells [9, 10] . The detailed characterization of canonical and non-canonical Wnt signal pathways, together with their significance in diverse diseases, have been well documented in previous reviews [11] [12] [13] . Notably, numerous reports have disclosed the role of Wnt signaling in the development and function of T cells, emphasizing the importance of Wnt proteins for T cell immunity. In the following we summarized the recent findings in this area.
Wnt and T cell development
Wnt proteins and related signal transduction have been known to influence lymphocyte development [14] . T cells are generated in the thymus, and thymic epithelium is the main source of Wnt proteins [15, 16] . Expression of ecto-domains of Frizzled receptors by retroviral transduction as extracellular inhibitors of Wnt signaling in fetal thymus organ culture induces a complete block of early thymocyte development, indicating that secreted Wnt factors are essential for intrathymic T lineage development [17] . Specifically, expression of Wnt1 and Wnt4 through retroviral transduction yielded increased numbers of cultured thymocytes in the absence of stroma, likely through a combined effect on survival and proliferation [17] . However, the role of Wnt signaling might be dependent on development phases. Stabilization of β-catenin in thymocytes leads to the generation of double positive thymocytes lacking surface expression of the TCR/CD3 complex, indicating that the effects of stabilized β-catenin occurred independent of, or parallel to, pre-TCR signaling and TCR selection in double negative thymocytes [18] . Indeed, it has been shown that Wnt signaling occurs in the thymus and is most active in the immature double negative stages [19] . Differential sensitivity to Wnt signaling at different thymocyte stages was not caused by increased expression of Frizzled or Wnt proteins on the most immature thymocytes, as Frizzled and Wnt seem to be expressed at comparable levels in all thymocyte subsets. Instead, increased expression of positively acting canonical Wnt factors (such as β-catenin) and decreased expression of inhibitory molecules (such as AXIN1) was observed in double negative thymocytes [19] . So, responsiveness to Wnt signaling in thymocytes appears to be regulated by the differential expression of intracellular signal-transduction molecules. In addition, other studies also illustrate the importance of Wnt signaling in T cell development. Conditional T-cell-specific deletion of β-catenin, using the proximal LCK promoter to control Cre expression, impaired T-cell development at the β-selection checkpoint, leading to a marked decrease in the number of peripheral T cells [20] . Activation of the WNT pathway by overexpressing activated forms of β-catenin led to the generation of more thymocytes [21] .
Wnt signaling regulates CD4 + T cell functions
The significance of Wnt signaling for T cell immunity has been studied for the past decade.
Once T cells have entered the circulation, they continue to express Wnt receptors Frizzled and LRP5/6, and expression of Frizzled and LRP5/6 are markedly up-regulated on effector T cells [22] .
Moreover, the transcription factors involved in Wnt signaling -LEF1 and TCF1-are also dynamically expressed in T cells, with changing protein levels depending on the activation status of T cells [23] . 
Wnt signaling regulates CD8 + T cell functions
By using an inhibitor to block the activity of GSK-3β which acts as a switch in regulating β-catenin stability, it is proposed that Wnt signaling blocks CD8 + T cell proliferation and effector Intriguing discoveries with regard to Notch signaling in T cells are summarized in the following sections.
Notch and T cell development
Notch signaling is highest in immature αβ T cells (including in early thymic progenitors (ETPs), double-negative 2 (DN2) thymocytes and DN3a thymocytes up to the DN3 stage [41] . In these immature thymocytes, Notch1 is continuously required to restrict developing αβ T cells to the T cell lineage [42] . Notch1 ligand Delta-like 4 is expressed on thymic epithelial cells and is the essential, non-redundant ligand for Notch1 during thymic T cell lineage commitment [43] . Inactivation of Delta-like 4 in TECs led to a complete block in T cell development [43] . Furthermore, it is reported that other Notch ligands, such as Jagged-1, Jagged-2 and Delta-like-1, are also expressed by thymic epithelium [44, 45] . It has been suggested that Jagged2, like Delta-like-1 and Delta-like-4 but in contrast to Jagged1, can mediate the T-versus B-cell lineage decision [45] . Interestingly, the differential effects of Notch ligands on T cell development are also supported by an independent study showing that Delta-1, but not Jagged-1, permits the emergence of a de novo thymocyte population co-expressing CD4 and CD8 [46] . After thymocytes successfully pass β-selection, they immediately down-regulate Notch1 expression.
Notch signaling and CD4 + T cell functions
In an in vivo model, administration of γ-secretase inhibitors, which impedes cleavage of Notch, substantially impeded Th1-mediated disease progression by preventing Notch-induced up-regulation of Tbx21 in the mouse experimental autoimmune encephalomyelitis model of multiple sclerosis [47] . initiates multiple Th programs rather than supporting any specific Th differentiation alone. This hypothesis needs further investigation in distinct disease models [52] .
Previous publications accumulated evidence of Notch signaling in Treg cells. It is reported that
Notch3 is expressed at a higher level on CD4 + CD25 + T cells which contain Treg cells [53] .
Enforced expression of constitutively active Notch3 in T cells induces the accumulation of Treg cells
in the thymus and periphery, leading to protection against autoimmune disorders [53] . Further studies reported that Notch3 also enhanced their suppressive activity by increasing Foxp3 expression [54, 55] . These results indicate that Notch signaling favors Treg cell generation and suppressive activity. However, in a recent study using a lineage-specific deletion of components of the Notch pathway, Notch signaling is found to be detrimental for Treg cell-mediated suppression of Th1 responses and protected against their Th1 skewing and apoptosis [56] . In contrast, expression in Treg cells of a gain-of-function transgene encoding the Notch1 intracellular domain resulted in lymphoproliferation, exacerbated Th1 responses and autoimmunity [56] . This study also demonstrated that cell-intrinsic canonical Notch signaling impaired Treg cell fitness and promoted the acquisition by Treg cells of a Th1 cell-like phenotype, whereas non-canonical Notch signaling dependent on the adaptor Rictor activated the kinase AKT-transcription factor Foxo1 axis and impaired the epigenetic stability of Foxp3 [56] . The contradictory data with regard to Notch signaling in Treg cells presents the possibility that different Notch receptors might function differentially, depending on the immune milieu and intensity of Notch signaling. Interestingly, it is reported that Notch activation in effector T cells increases their sensitivity to Treg cell-mediated suppression through up-regulation of TGF-βRII expression [57] .
Notch signaling and CD8 + T cell functions
The engagement of Notch ligands was shown to regulate the CD8 + T cell functions. Ligation of Delta-like 1 to Notch on splenic CD8⁺ cells results in a dramatic decrease in IFN-γ with a concomitant enhancement of IL-10 production in a transplantation model, suggesting that Notch signaling can alter the differentiation potential of CD8 + cells [58] . In addition, administration of anti-Delta-like 1 mAb decreases granzyme B-producing cytotoxic T cells in a mouse cardiac transplant model, further illustrating the importance of Notch signaling for CD8 + T cell reaction [59] .
Furthermore, Notch2-deficient T cells had impaired differentiation into cytotoxic T lymphocytes, and dendritic cells with lower expression of the Notch ligand Delta-like 1 induces the differentiation of cytotoxic T cells less efficiently both in vitro and in vivo, demonstrating a crucial role for Notch2 signaling in CD8 + T cell cytotoxic responses [60] . This study proves that the intracellular domain of Notch2 interacts with a phosphorylated form of the transcription factor CREB1 to induce granzyme B expression in CD8 + T cells [60] . The same group later reported that Notch2 signaling, but not Notch1 signaling, is required for the generation of anti-tumor CD8 + T cell responses [61] .
Independent research revealed that both Notch1 and Notch2 are critical for the proliferation and IFN-γ production of activated CD8 + T cells and are significantly decreased in tumor-infiltrating T cells [62] . Conditional transgenic expression of the Notch1 intracellular domain in antigen-specific CD8 + T cells increased both cytotoxicity effects and granzyme B level [62] .
Recently, it was found that Notch receptor favors the differentiation of activated CD8 + T cells 
Hedgehog Signaling
The Hedgehog (Hh) family of proteins control cell growth, survival, and fate, and pattern almost every aspect of the vertebrate body plan. Three mammalian hedgehog proteins have been found, including sonic hedgehog (SHH), Indian hedgehog (IHH) and desert hedgehog (DHH).
Hedgehog proteins bind to their receptors, including Ptc, Smo and several co-receptors, to induce signal cascades so as to exert their effects. The detailed summary of Hedgehog proteins and corresponding receptors can be found in pervious reviews [65] [66] [67] . Here we focus on the effect of Hedgehog signaling in T cell development and functions.
Hedgehog and T cell development
Like Wnt and Notch ligands, SHH, IHH and DHH are expressed by the thymic epithelial cells in both mice and human thyme [68] [69] [70] [71] . In human thymus, SHH-expressing epithelial cells are restricted to the thymic subcapsula and medulla, whereas IHH-and DHH-producing epithelial cells are distributed throughout the thymus. The requisite Hh receptors, Ptc1 and Smo, and the Gli transcription factors are expressed by thymocytes and also by epithelial cells [71] . In mice, Smo is highest in the DN2 population and is gradually downregulated in the subsequent DN3 and DN4 populations, to be virtually undetectable at the DP stages [68, 70] . In SP thymocytes, only 9% of CD4 + thymocytes and 20% of CD8 + thymocytes express detectable Smo [68] . Consistently, transcription of the hedgehog target gene and hedgehog-responsive-transcriptional activator Gli1 is highest in the DN2 population [70] . Among the three Hh proteins, SHH has been the best characterized in T cell biology until recently. Shh-/-thymus contains 10 times less thymocytes than the wild type thymus, and has reduced thymocyte proliferation as well as a partial arrest in development at the DN1 stage [69] . Gli3-/-thymus, which lacks the Gli3 protein downstream of SHH pathway, also has a partial thymocyte arrest at the DN1 stage [72] . Therefore, SHH is essential for differentiation into DN2 thymocytes. However, the function of Hh signaling at the transition from DN to DP cells is controversial because contradictory data has been generated from independent studies, indicating the necessity of more specific and more elaborated studies for complete elucidation of the role of SHH in thymic T cell development.
Hedgehog signaling and CD4 + T cell function
Literature has reported Shh and its receptor Ptc are expressed on resting and activated human peripheral CD4 + T cells. Addition of exogenous SHH amplified the production of IL-2 and IFN-γ by activated CD4 + T cells. Cell surface expression of CD25 and CD69 on activated T cells was up-regulated by exogenous SHH [73] . In addition, exogenous SHH is able to promote entry of T cells into the S-G(2) proliferative phase of the cell cycle, thus enhancing the clonal expansion of T cells [74] . However, it has also been observed that constitutive activation of SHH signaling inhibits T-cell activation and proliferation, most probably by modulating the strength of the TCR signal [75] .
The suppressive effect of Hh is supported by the observation that Gli2 transcriptional activator impairs the TCR-induced calcium flux and nuclear expression of NFAT, suppresses up-regulation of molecules essential for activation, and attenuates signaling pathways upstream of AP-1 and NFκB, leading to reduced activation of CD4 + T cells [76] . Surprisingly, conditional deletion of Smo from T cells has failed to reveal any positive or negative influences on agonistic antibody-induced T cell proliferation in vitro [70] . Similarly, an investigation reported that peripheral CD4 + T cells were not 
Hedgehog signaling and CD8 + T cell function
Unfortunately, the role of Hh signaling in the regulation of CD8 + T cell function has not been extensively studied. Recent research has presented clues to how Hh impacts CD8 + T cell reaction. In 2013, it was discovered that Hh signaling controls T cell killing at the immunological synapse [78] .
In this study, TCR activation triggers Hh signaling and expression of Hh components in CD8 + T cells. Importantly, IHH, not SHH or DHH, is expressed in both naïve CD8 + T cells and cytotoxic T lymphocytes derived from CD8 + T cells (CTLs). Smo deletion CTLs attenuated target cell killing by CTLs, suggesting Hh signaling promotes CTL-mediated cytotoxicity. The authors proposed that Hh signaling prearms CTLs with the ability to rapidly polarize the cytoskeleton and deliver the cytotoxic granules within minutes when CTLs encounter targets. Thus, it is likely that Hh signaling facilitates the release cytotoxic mediators from CTLs rather than altering the expression of cytotoxic mediators.
Perspective
In The critical function of Notch signaling in T cell development makes it a potential target for T-cell acute lymphoblastic leukemia/lymphoma (T-ALL) therapy. Activating Nothc1 mutations were identified in over 60% of T-ALLs [80] . High Nothc1 signaling deregulates other signal pathways which are important for cell growth and differentiation. Thus, application of γ-secretase inhibitors, which abrogate Notch signaling, become an emerging target therapy for T-ALL [81] . Additionally, the role of Notch signaling in helper T cell differentiation has shed new light on autoimmune disorder therapies. γ-secretase inhibitors reduces Th1-and Th17-mediated inflammatory responses in a mouse model of rheumatoid arthritis [82] . Administering soluble Jag1 provides a negative signal to CD8 + T cells and reduces disease symptoms in a rheumatoid arthritis model [83] . In systemic lupus erythematosus patients, down-regulated Notch1 signaling is associated with decreased generation and proliferation of Treg cells [84] , as well as increase in IL-17-producing T cells [85] . Therefore, 
